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ABSTRACT
The current study aimed to prove that human dental pulp stem cells (hDPSCs) isolated from the pulp of
third molars can show multilineage differentiation after cryopreservation. First, hDPSC were isolated via
enzymatic procedures, and frozen in liquid nitrogen until use. After defrosting, cells were analyzed for
proliferative potential and the expression of the stem cell marker STRO-1. Subsequently, cells were
cultured in neurogenic, osteogenic/odontogenic, adipogenic, myogenic, and chondrogenic inductive media,
and analyzed on basis of morphology, immunohistochemistry, and reverse transcriptase-polymerase
chain reaction (RT-PCR) for specific marker genes. All data were replicated, and the results of the
primary cells were compared to similar tests with an additional primary dental pulp stem cell strain,
obtained from the National Institutes of Health (NIH). Results showed that our cell population could be
maintained for at least 25 passages. The existence of stem/ progenitor cells in both cell strains was proven
by the STRO-1 staining. Under the influence of the 5 different media, both cell strains were capable to
advance into all 5 differentiation pathways. Still differences between both strains were found. In general,
our primary culture performed better in myogenic differentiation, while the externally obtained cells
were superior in the odontogenic/osteogenic and chondrogenic differentiation pathways. In conclusion,
the pulp tissue of the third molar may serve as a suitable source of multipotent stem cells for future tissue
engineering strategies and cell-based therapies, even after cryopreservation.
INTRODUCTION
ADULT STEM CELLS (ASCs) situated in differentiated tis-sues have the potential to produce the specialized cell
types to maintain and repair the tissue they reside in. ASCs
have been isolated from many tissues1 such as bone mar-
row,2,3 brain,4 skin,5 muscle,6 and fat tissue.7 Previously, it
was generally accepted that the differentiation potential of
ASCs was lineage restricted. This hypothesis currently fa-
ces challenge as more and more evidence demonstrates that
ASCs have the potential to cross lineage boundaries, and
also are able to differentiate into specific cells of tissues
beyond their origin. For instance, it has been confirmed that
bone marrow stem cells have the ability to differentiate into
neurons,8 osteoblasts,9 adipocytes,9 and myoblasts.10 Stem
cells that have been isolated from other differentiated tis-
sues such as brain,11 muscle,12 and fat tissue,13 also show
similar multilineage potential. Currently, there is no well
accepted definition of this property of ASCs; and it has
been termed plasticity,14 trans-differentiation,15 or un-
orthodox differentiation.16 This finding increases the po-
tential use of organ- or tissue-specific stem cells, because it
suggests that stem cells can regenerate multiple tissues in
different locations.
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Recently, adult stem cells also have been isolated from
the human dental pulp.17,18 In these studies, isolated cell
populations from impacted wisdom teeth were proven to
contain stem cells. Subsequent transplantation of human
dental pulp stem cells (hDPSCs) in immunocompromised
mice resulted in the formation of a dentin-pulp complex-
like structure. To evaluate the differentiation potential of
hDPSCs in other directions than strictly the odontogenic
pathway, some analyses have been performed. Adipogenic
and neurogenic directions were explored.17 It was shown
that hDPSCs could express the adipocyte-specific markers
Peroxisome-proliferating activated receptor g (PPARg2) and
lipoprotein lipase after being cultured in adipogenic medium.
Further, the expression of nestin and glial fibrillary acid
protein (GFAP) was found, as markers of neural precursors
and glial cells.18 Such findings suggest that human dental pulp
derived stem cells may also have the potential to cross the
lineage boundaries and produce cell types other than odon-
toblast. However, currently no systematic research has been
done in which multilineage potential for neurogenic, odon-
togenic, adipogenic, myogenic, and chondrogenic differ-
entiation have all been compared within one cell population.
Also, many previous studies did not include a cryopreserva-
tion step in the cell culturing process. We hypothesize that all
such differentiation pathways can be obtained from a single
biopsy even after prolonged storage in liquid nitrogen.
Therefore the specific aims of the current study were to re-
trieve primary hDPSCs and systematically evaluate the
multilineage differentiation ability after cryopreservation.
MATERIALS AND METHODS
Cell isolation and basic analysis
All experiments were done observing national guidelines
for working with human materials. Impacted third molars
without caries or other dental problems were obtained from
young adult patients (18–24 years of age). Each molar was
always handled separately, and immediately after extraction
placed in alpha-minimal essential medium (a-MEM; Gibco
BRL, Life Technologies B.V. Breda, The Netherlands) with
0.5 mg/mL of gentamicin (Gibco BRL) and 3 (g/mL of am-
photericin B (Gibco BRL). The tooth surface was cleaned,
and a cut was made around the cementum–enamel junction
using a high-speed dental drill. The pulp chamber was re-
vealed and the pulp was taken out. Thereafter, the coronary
part of the pulp was minced and digested with 3 mg/mL of
collagenase type I for 1 h at 378C with gentle shaking. A
single-cell suspension was obtained by passing the complete
digested solution through a 100-mm strainer. The released
cells were pelleted, seeded in culture flasks, and incubated at
378C in 5% carbon dioxide, in a-MEM culture medium with
20% fetal calf serum (FCS; Gibco BRL). The cells were then
collected and stored in liquid nitrogen for at least 1 month
before further analysis. After cryopreservation, all obtained
dental pulp cell cultures were recovered and cultured in 80-
cm2 culture flasks (Nalge Nunc International, Naperville, IL)
in a-MEM–10% FCS.
For future tissue engineering purposes, it was essential to
select a strain of cells with excellent proliferative and dif-
ferentiation potential. Therefore, all obtained cell cultures
were trypsinized after confluency and passaged repeatedly.
Only cultures that could be maintained for 25 passages were
selected. Of these cultures, passage 26 was subsequently
grown in a-MEM culture medium with 10% FCS, 5 mmol/L
of KH2PO4, 50 mg/mL of L-ascorbic acid, and 50 mg/mL of
gentamycin. After 3 weeks, von Kossa staining was per-
formed as a final selection of the cells for further experimen-
tation. In this way, only one cell strain that could proliferate
stably for a long time while maintaining the ability of dif-
ferentiation was selected for the further analyses. These
primary cells were termed hDPSC-NB.
Besides the hDPSC-NB, also a selected strain of primary
dental pulp cells from the National Institute of Health (NIH)
was used. These cells have been described previously,17
and are called hDPSC-NIH in this study.
Immunofluoresence for STRO-1
hDPSC-NB and hDPSC-NIH were thawed, seeded on
chamberslides (Nunc) at 4 104 cells/cm2, and cultured
overnight. After washing in phosphate-buffered saline (PBS;
pH 7.4) and fixation in 4% paraformaldehyde, cells were
preincubated in 10% goat serum for 15 min, and incubated
with mouse anti-human STRO-1 antibody (MAB1038, R&D
systems Inc. Minneapolis, MN) for 1 h. Then, cells were in-
cubatedwithTetramethylrhodamine isothiocyanate (TRITC)-
conjugated goat antimouse IgM (CaT. NO. 115-026-020,
Jackson ImmunoResearch Laboratories, West Grove, PA) for
45 min. Slides were observed using fluorescence microscopy
(Leica).
Induction of differentiation lineages
Cell were thawed and expanded. For all experiments,
equal 4th passage cells of both strains were used. Five
differentiation pathways were induced, by providing spe-
cific additives to the cell culture medium. Cells cultured in
standard a-MEM culture medium–10% FCS–50 mg/mL of
gentamicin were used as a control group for all analyses.
All samples for each parameter were presented in threefold
except the chondrogenic pathway. To obtain enough RNA
for reverse transcriptase-polymerase chain reaction (RT-
PCR), three wells were used, which were later pooled to-
gether. All analyses were duplicated, in a separate second
run of the entire experiment.
 Neurogenic differentiation: Cells were seeded on 24-well
plates at 20,000 cells/cm2. Subconfluent cultures were
maintained in a-MEM–10% FCS. After confluency, media
were replaced with preinduction media (Table 1). After
24 h, the cells were washed and neuronal induction
medium (Table 1) was added. Samples were checked
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regularly with a light microscope. When the majority of
cell bodies had become spherical and refractile, the neu-
rogenic medium was removed and samples were collected.
Cells were fixed with 4% paraformaldehyde and analyzed
via immunohistochemistry, for the expression of neuronal-
specific nuclei protein (NeuN; MAB377; Chemicon, Te-
mecula, CA) and neural-specific enolase (NSE; sc-21738;
Santa Cruz Biotechnology, Santa Cruz, CA). RNA from the
samples was collected using Trizol reagent, and the ex-
pression of NSE was assessed by RT-PCR.
 Osteogenic/odontogenic differentiation: Cells were see-
ded on 24-well plates at 20,000 cells/cm2. Subconfluent
cultures were incubated in osteogenic medium (Table 1)
for 3 weeks. Medium was changed every 2–3 days.
Calcification of the extracellular matrix was checked via
vonKossa staining.Differentiationwas analyzedby immu-
nohistochemistry and by RT-PCR for the expression of
dentin sialophosphoprotein (DSPP).
 Adipogeneic differentiation: Cells were seeded on 24-
well plates at 20,000 cells/cm2. Subconfluent cultures
were incubated in the adipogenic medium (Table 1) for 3
or 6 weeks. Medium was changed every 2–3 days.
Afterwards, cells were stained with oil red O stain. Fur-
ther, adipogenic differentiation was analyzed via im-
munohistochemistry for the expression of glucose
transporter-4 (GLUT4; E-20; Santa Cruz Biotechnology)
and via RT-PCR for the expression of peroxisome-
proliferating activated receptor g (PPARg2) and GLUT4.
 Myogenetic differentiation: Cells were seeded on 24-well
plates at 20,000 cells/cm2. The cells were cultured in myo-
genic medium (Table 1) for 3 or 6 weeks. Morphological
changeswere viewed via lightmicroscopy after hematoxylin
and eosin (H&E) staining. Differentiation was confirmed via
immunohistochemistry for the expression of myogenic dif-
ferentiation protein (MyoD1; cat. no. 554130; PharMingen,
San Diego, CA) and myosin heavy chain (MHC; ALD-58;
Developmental Studies Hybridoma Bank, Iowa City, IA),
and by RT-PCR for the expression of MyoD1.
 Chondrogenic differentiation: Chondrogenic differentia-
tion was induced by using the ‘‘pellet culture’’ techni-
que19. Briefly stated, approximately 250,000 cells were
placed in a 15-mL polypropylene tube (Falcon), and cen-
trifuged to pellet. Then, 0.5 mL of chondrogenic medium
(PT-3003; Cambrex Bio Science, Verviers, Belgium) was
added, freshly supplemented with 10 ng/mL of trans-
forming growth factor-b3 (TGF-b3). Medium was chan-
ged every 3–4 days for 4 weeks. Pellets cultured in
medium without TGF-b3 were used as controls. All sam-
ples and controls were present fourfold. After 4 weeks, the
pellets were fixed in 10% neutral buffered formalin, de-
hydrated in a series of ethanol, embedded in paraffin, and
cut into 5-mm sections. After deparaffinization, the sec-
tions were evaluated via alcian blue staining, and im-
munohistochemistry for the expression of collagen type II
(Col II; CIIC1; Developmental Studies Hybridoma Bank).
von Kossa staining
To assess the formation of a calcified extracellular ma-
trix, cells were fixed with 10% formalin, stained with fresh
5% silver nitrate (AgNO3), washed with distilled water,
developed with 5% sodium carbonate (Na2CO3) in 25%
formalin, and fixed with 5% sodium thiosulfate (Na2S2O3).
Oil red O staining
Cells were fixed in 10% formalin for 60 min at room tem-
perature. After washing with 70% ethanol, the cells were
incubated in 2% (w/v) oil red O reagent for 5 min at room
temperature and washed in 70% ethanol and MilliQ water
to remove the excess stain. Then, the cells were counter-
stained with hematoxylin for 2 min.
Alcian blue staining
The slides obtained after chondrogenic differentiation
were rehydrated in Milli-Q water. Then, the slides were
TABLE 1. LINEAGE-SPECIFIC DIFFERENTIATION INDUCING MEDIA
Medium Media Serum Supplementation
Neurogenic (NM) a-MEM None 10 mM BME, 2% dimethyl sulfoxide (DMSO),
200 mM butylated hydroxyanisole (BHA)
Preinduction NM a-MEM 10% FCS 1 mM b-mercaptoethanol (BME)
Osteogenic (OM) a-MEM 10% FCS 5 mmol/L of KH2PO4, 10
8 M dexamethasone,
50 mg/mL of L-ascorbic acid, 50 mg/mL of
gentamicin
Adipogenic (AM) a-MEM 10% FCS 0.5 mM isobutyl-methylxanthine (IBMX), 1 mM
dexamethasone, 10 mM insulin, 200 mM
indomethacin, 50 mg/mL of gentamicin
Myogenic (MM) a-MEM 10% FCS,
5% HS
0.1 mM dexamethasone, 50 mM hydrocortisone,
50 mg/mL of gentamicin
Chondrogenic
(CM)
Cambrex Bio Science Verviers S.P.R.L.,
Verviers, Belgium PT-3003
Control a-MEM 10% FCS 50 mg/mL of gentamicin
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pretreated with 3% acetic acid for 3 min and incubated for
30 min with 1% (w/v) alcian blue (pH 1.0). Subsequently,
the slides were counterstained by nuclear fast red for 5 min
and washed in running tap water.
Immunohistochemistry
The cells cultured for the neurogenic, osteogenic/odon-
togenic, adipogenic, andmyogenic differentiationwere fixed
for 15 min in 4% paraformaldehyde. The slides collected
after chondrogenic differentiation were rehydrated and an-
tigens were retrieved by heating to 708C in a microwave
oven for 10 min, and incubating in 0.075% trypsin for 5 min.
Then, samples were washed twice in PBS and blocked with
5% bovine serum albumin (BSA), incubated for 1 h in 1%
BSA containing the aforementioned specific antibodies, in-
cubated with biotinylated secondary antibody for 45 min,
and stained with horseradish peroxidase conjugated Vec-
tastain ABC staining kit (Vector Laboratories). Subse-
quently, the cells were incubated in DAB solution and
intensified using 0.5% CuSO4. Samples were counterstained
with hematoxylin solution for 10 s and dehydrated through a
graded series of ethanol.
RT-PCR
Total cellular RNA was isolated using Trizol reagent
(Gibco BRL). The extracted RNA was reverse transcribed
by following conventional protocols. The produced cDNA
was used as a template for RT-PCR. PCR reactions were
performed using the human-specific sense and antisense pri-
mers which were designed according to published cDNA
sequences of Genbank (Table 2). Parallel amplifications of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)were
performed to serve as positive reference. PCR products
were separated by electrophoresis on a 1.5% agarose gel and
were visualized by ultraviolet-induced fluorescence.
RESULTS
Cell isolation and basic analysis
After cryopreservation, only 2 cell cultures could be
maintained for 25 passages. After incubation in osteogenic
medium and von Kossa staining, only the most positively
stained cell strain was selected for further experimentation.
Both hDPSC-NB and hDPSC-NIH were showed 5–10%
positive staining for STRO-1 (Fig. 1).
TABLE 2. SPECIFIC MARKERS FOR RT-PCR (HUMAN)
Situation Marker Primer
Neurogenic differentiation NSE 50-AAGGACAAATACGGCAAGGA-30
50-TGGACCAGGCAGCCCAATC-30
Osteogenic differentiation DSPP 50-GGCAGTGACTCAAAAGGAGC-30
50-TGCTGTCACTGTCACTGCTG-30
Adipogenic differentiation PPARg2 50-CCAGAGCATGGTGCCTTCGCT-30
30-CAGCAACCATTGGGTCAGCTC-30
GLUT4 50-GGCATGTGTGGCTGTGCCATC-30
50-GGGTTTCACCTCCTGCTCTAA-30
Myogenic differentiation MyoD1 50-AAGCGCCATCTCTTGAGGTA-30
50-GCGCCTTTATTTTGATCACC-30
Positive control GAPDH 50-ACCACAGTCCATGCCATCAC-30
50-TCCACCACCCTGTTG CTGTA-30
FIG. 1. Fluorescence micrograph of dental pulp cells, after immunoflurorescence staining for the stem cell marker STRO-1. Positive
cells were stained red. (A) hDPSC-NB cells; (B) hDPSC-NIH cells. Color images available online at www.liebertpub.com/ten
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Neurogenic differentiation
Light microscopy showed that the cytoplasm of both
hDPSC-NB and hDPSC-NIH retracted towards the nuclei
1 h after the neurogenic medium was added. After 5 h, most
of the cells showed a typical neuronal perikaryal appearance,
that is, cell bodies had become increasingly spherical and
refractile. The cell bodies had long cytoplasmic extensions,
with secondary branches (Fig. 2A, B). Morphology of the
control group remained unchanged (Fig. 2C, D).
Many cells with nerve cell-like morphology showed po-
sitive staining against NeuN (Fig. 3A, B) and NSE (Fig. 3E,
F). No positive staining of NeuN was observed in the control
group (Fig. 3C, D), while only very limited numbers of cells
of the control group showed positive staining against NSE
(Fig. 3G, H). RT-PCR corroborated the staining, that is,
abundant NSE expression was found in the sample group,
whereas control groups showed weak expression only.
Odontogenic/osteogenic differentiation
After 3 weeks in culture with osteogenic medium, visual
inspection showed that cells had proliferated and produced a
dense extracellular matrix (ECM). Nodular structures were
found, which were stained black via von Kossa staining
(Fig. 4). There were more distinct nodules in hDPSC-NIH
samples than in the hDPSC-NB samples. No effects were
observed in the control group. Cells did not show the typical
column shape of odontoblasts. The expression of DSPP in
both sample groups was ascertained by immunohistochem-
istry (Fig. 4), and also RT-PCR showed DSPP expression in
the experimental, but not in the control groups.
Adipogenic differentiation
No obvious morphological changes were found after 3
weeks induction, however some cells in both experimental
groups showed an enlarged cell body when they were
cultured in adipogenic medium for 6 weeks. Oil red O–
positive lipid droplets were not found in any of the sam-
ples. In contrast, the expression of GLUT-4 was detected in
hDPSC-NB and hDPSC-NIH (Fig. 5). The adipogenic
phenotype was further confirmed by PT-PCR, where it was
shown that PPARg2 and GLUT-4 were expressed in both
experimental groups, but not in the control groups.
FIG. 2. Morphological changes of hDPSC after neurogenic
differentiation. (A) hDPSC-NB sample; (B) hDPSC-NIH sample;
(C) hDPSC-NB control; (D) hDPSC-NIH control. Color images
available online at www.liebertpub.com/ten.
FIG. 3. Immunohistochemical staining for specific neurogenic markers after neurogenic differentiation (arrows indicate the positive
cells). (A) hDPSC-NB sample (NeuN); (B) hDPSC-NIH sample (NeuN); (C) hDPSC-NB control (NeuN); (D) hDPSC-NIH control
(NeuN); (E) hDPSC-NB sample (NSE); (F) hDPSC-NIH sample (NSE); (G) hDPSC-NB control (NSE); (H) hDPSC-NIH control
(NSE). Color images available online at www.liebertpub.com/ten.
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Myogenic differentiation
Light microscopy did not show differences after culture
in myogenic medium for 3 weeks. However, at 6 weeks
some of the cells had become elongated and showed a
myoblast-like phenotype. This was most evident in the
hDPSC-NB samples (Fig. 6). Still, no multinucleated cells
could be observed. Immunohistochemistry showed positive
staining for MyoD1 and MHC in both strains of hDPSC
FIG. 4. Results after osteogenic differentiation. (A) hDPSC-NB sample (von Kossa staining); (B) hDPSC-NIH sample (von Kossa
staining); (C) hDPSC-NB control (von Kossa staining); (D) hDPSC-NIH control (von Kossa staining); (E) hDPSC-NB sample (im-
munohistochemical staining for DSPP); (F) hDPSC-NIH sample (immunohistochemical staining for DSPP); (G) hDPSC-NB control
(immunohistochemical staining for DSPP); (H) hDPSC-NIH control (immunohistochemical staining for DSPP). Color images available
online at www.liebertpub.com/ten.
FIG. 5. Immunohistochemical staining for GLUT4 after adipogenic differentiation (arrows indicate the positive cells). (A) hDPSC-
NB sample; (B) hDPSC-NIH sample; (C) hDPSC-NB control; (D) hDPSC-NIH control. Color images available online at www
.liebertpub.com/ten.
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(Fig. 7). The expression of MyoD1, and of MHC, was
confirmed by RT-PCR. No expression was seen in the
control groups.
Chondrogenic differentiation
All 4 pellets of both types of hDPSC showed a similar
phenotype, and increased in size during the culture. The
pellets formed by hDPSC-NIH were bigger than the pellets
formed by hDPSC-NB. Pellets of the nonstimulated control
groups were smaller and felt weaker during handling.
Histological examination of the cells pellets (Fig. 8) in-
dicated that the pellets formed by hDPSC-NIH contained
more cells than those of the hDPSC-NB. Most of the cells
in the central region were rounded and separated by
abundant ECM, while the periphery was built up by several
layers of spindle-shaped cells. The bright blue staining of
the ECM in the center of the pellets indicated the presence
of highly sulfated glycosaminoglycans (GAGs). Closer in-
spection showed a distinct phenotypical difference between
the 2 types of hDPSC, as the hDPSC-NIH samples showed
amore homogeneously distributed alcian blue-positive ECM
around the cells (Fig. 8). This structure more closely re-
sembled the structure of cartilage, and constructs formed by
bone marrow stem cells after chondrogenic induction19.
Alcian blue staining was not detected in the controls.
Expression of collagen type II in the experimental groups
was confirmed only via immunohistochemical staining
(Fig. 8).
DISCUSSION
In this study, we analyzed the differentiation potential of
human postnatal dental pulp stem cells toward the neuro-
genic, odontogenic/ osteogenic, adipogenic, myogenic, and
chondrogenic pathways after cryopreservation. Two cell
strains were used; hDPSC-NB selected directly derived
from the pulp tissue of a wisdom tooth, and hDPSC-NIH
obtained from NIH. The latter were described previously to
be able to differentiate to odontoblast-like and adipocyte-
like cells18; and thus were regarded as positive controls for
our study. We investigated phenotypes according to mor-
phology, and the expression of specific markers by im-
munohistochemistry and RT-PCR. It was shown in a
systematic way (within 1 study) that 5 different pathways
could be obtained from one primary culture of dental pulp
stem cells, including chondrogenic and myogenic differ-
entiation, even after cryopreservation.
The selection of dental pulp stem cells from the third
molar can be an easy accessible choice for tissue engineer-
ing. Many wisdom teeth cannot erupt at the appropriate
FIG. 6. H&E staining of hDPSC after myogenic differentiation. (A) hDPSC-NB sample; (B) hDPSC-NIH sample; (C) hDPSC-NB
control; (D) hDPSC-NIH control. Color images available online at www.liebertpub.com/ten.
DIFFERENTIATION POTENTIAL OF STEM CELLS FROM HUMAN DENTAL PULP 2819
position and stay impacted because of inadequate jawbone
space.Many factors, such as gender, race, and habitation, are
related with the incidence of impacted wisdom teeth,20,21 but
about 70% of people have at least one impacted wisdom
tooth,22,23 potentially damaging to surrounding soft tissues
as well as to neighboring teeth. Although some controversy
exists, preventive extraction is considered to be an accep-
table solution.24 In theory, as the last erupted teeth, wisdom
teeth have the youngest pulp and thus contain most unspe-
cialized cells. Further, their autologous nature will not elicit
an undesirable immunological response, when these cells
are used in tissue engineering strategies. Recently, it was
shown that also the periodontal ligament, which is commonly
present around a tooth after extraction, could also serve as a
similar source for the retrieval of adult stem cells.25
Considering neurogenic differentiation, a striking mor-
phological difference was found in the treated samples versus
the controls. Cells formed long extensions with secondary
branches typical for neurons. In conjunction with morpholo-
gical changes, we examined the expression of NeuN and
NSE. The expression of NeuN is known in most neuronal cell
types throughout the nervous system, including cerebral
cortex, spinal cord, and peripheral nervous system.26 NSE is
first localized in the neuronal cytoplasm and is supposed to
serve as a growth factor in neurons.27 In our case, the ex-
pression of both NeuN and NSE as markers for neuronal
phenotype together with the observed morphological changes
undoubtedly confirmed neurogenic differentiation. Still, this
does not mean the cells can also function as neuron. Further
experimentation in this field is required in animal models
aiming at repairing neuronal defects or combating, for in-
stance, Parkinson’s disease.28
When regarding the differentiation to hard tissue, we
used the terms odontogenic/ osteogenic because the in-
ductive medium applied for odontogenic differentiation is
normally used for osteogenic purposes. Although the physi-
cal properties are different, dentin and bone are very similar
tissues with numerous mutual components. Also, the reac-
tions to molecular signals are often analogous.29 To ensure
that the cells differentiated toward an odontogenic pheno-
type, DSPP was chosen as a marker protein. Other markers,
such as dentin matrix protein-1 (DMP-1),30 could also have
been used, but have the disadvantage that these are also ex-
pressed in bone. Though no marker currently available is
100% specific for dentin, DSPP plays an important role in
dentinogenesis and is abundantly expressed in dentin, and
only trace expression was detected in bone.31 Although all
our cell cultures were DSPP positive, it was not possible to
observe the typical column-shaped morphology of an odon-
toblast. To obtain a specific odontoblast-like appearance, the
cells would require the guidance of a surrounding tissue or
biomimetically designed scaffold material.
For studying adipogenic differentiation, the widely known
adipogenic-specific markers PPARg2 and GLUT-4 were
chosen, and cultures proved positive for both. PPARg2 is a
marker for adipogenic differentiation because it mainly is
expressed in fat tissue and can activate adipocyte differ-
entiation.32 GLUT-4 is also regarded as an adipogenic
marker.33 However, the oil red O staining, which is an in-
dicator for lipid accumulation, failed to reveal intracellular
lipid droplets. This was in contrast with previous studies.18
The different formulations of their inductive medium (sup-
plemented with 0.5 mM isobutylmethylxanthine, 0.5 mM
hydrocortisone, and 60 mM indomethancin) may be the
FIG. 7. Immunohistochemical staining after myogenic differentiation (arrows indicate the positive cells). (A) hDPSC-NB sample
(MyoD1); (B) hDPSC-NIH sample (MyoD1); (C) hDPSC-NB control (MyoD1); (D) hDPSC-NIH control (MyoD1); (E) hDPSC-NB
sample (MHC); (F) hDPSC-NIH sample (MHC); (G) hDPSC-NB control (MHC); (H) hDPSC-NIH control (MHC). Color images
available online at www.liebertpub.com/ten.
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reason of this discrepancy, although the formula utilized
in our lab is also commonly used for adipogenic induction.
MyoD1 is active early in the myogenic lineage in order to
establish myoblast identity,34 whereas MHC is regarded as a
late differentiation marker.35 In this research, both MyoD1
and MHC markers proved positive. Still, no multinucleated
cell was observed in our cell cultures. The presence of mul-
tiple nuclei is a specific characteristic for terminal differ-
entiation, after myoblast fusion. The reason that we do not
observe this in our study may be that the culture time was
limited.
Finally, the chondrogenic lineage was evaluated. Alcian
blue staining showed that both types of human dental pulp
cells were able to form a structure with a well-organized
ECM rich in sulfated progeoglycans and type II collagens.
However, large differences were seen between the hDPSC-
NB and hDPSC-NIH cells. The tissue formed by hDPSC-
NIH showed more resemblance to the appearance of natural
cartilage, and to previous reports on bone marrow stem
cells after chondrogenic differentiation.19 This difference in
behavior is probably due to the fact that various cell types are
present within the dental pulp.36 The hDPSC-NIH consist
of a highly selected cell population, whereas hDPSC-NB,
even after prolonged culturing most likely still form a more
diverse group of cells.
Nowadays, adult stem cells have been identified in many
tissues, including bone marrow, brain, skin, muscle, adi-
pose tissue, etc. These cells all share the two basic stem cell
characteristics of long-term self-renewal, and ability to dif-
ferentiate into matured cell types with characteristic mor-
phologies and specialized functionality.
When comparing our study to recent literature, the mul-
tipotent ability of dental pulp cells was also evaluated in
recent studies. One investigation describes C-kitþ/CD34þ/
STRO-1þ cells sorted from deciduous dental pulp cells,
could be differentiated into osteoblast-like or adipocyte-like
cells. In the same population, myotube fusion was obser-
ved when the sorted cells were cocultured in ATCC
medium with mouse myogenic C2C12 cells.37 Another
study proved that the third passage of human dental pulp
cells could differentiate toward the adipogenic and osteo-
genic.38 Such results corroborate our study, although no
crytopreservation was used. Cryopreservation is the most
commonly used method for cell storage. Cells can still
maintain their basic properties for more than 10 years in
liquid nitrogen.39 To achieve long-term usage of cells
for tissue regeneration, it is essential to prove the stem cells
can keep their differentiation potential after such a proce-
dure.
With regard to the content of a pulp, it is obvious that
odontoblasts and nerve cells are the most commonly dif-
ferentiated cell types. Only occasionally adipocytes, and no
myoblasts or cartilage cells are found.36 Adult dental pulp
stem cells appear capable to differentiate into more path-
ways than their origin, such as the neuron-, odontoblast-,
FIG. 8. Results after chondrogenic differentiation. (A) hDPSC-
NB sample (alcian blue staining); (B) hDPSC-NIH sample (alcian
blue staining); (C) hDPSC-NB control (alcian blue staining); (D)
hDPSC-NIH control (alcian blue staining); (E) hDPSC-NB sample
(alcian blue staining, higher magnification); (F) hDPSC-NIH sam-
ple (alcian blue staining, higher magnification). (G) hDPSC-NB
sample (immunohistochemical staining for collagen II); (H) hDPSC-
NIH sample (immunohistochemical staining for collagen II); (I)
hDPSC-NB control (immunohistochemical staining for collagen II);
(J) hDPSC-NIH control (immunohistochemical staining for collagen
II). Color images available online at www.liebertpub.com/ten.
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adipocyte-, myoblast-, and chondrocyte-like phenotypes.
However, there is still debate regarding this property. Some
studies postulate that ASC plasticity may be due to fusion
with preexisting differentiated cells during in vivo analysis.
Others suggested that the multilineage potential of ASCs in
muscle and fat tissue actually is the consequence of the
presence of blood vessels. Bone marrow stem cells might
reach peripheral tissue via the vascular system. On the
other hand, the occurrence of bone marrow stem cells in
peripheral blood is still questionable.40 Although a dental
pulp is small and bone marrow stem cells are rare41 (1 in
10,000 to 15,000 cells in the bone marrow), their influence
still needs to be considered.
In conclusion, our results demonstrated that dental pulp
cells from third molars could serve as a source of multi-
potential stem cells, applicable for autologous tissue regen-
eration and cell-based therapies, even after cryopreservation.
Both types of dental pulp cells studied here resulted in
analogousmultilineage differentiation.However, as themol-
ecular basis of plasticity is still not clearly demonstrated,
further analyses are necessary before clinical application can
commence.
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